Today we know that several types of hemoglobins exist in plants. The symbiotic hemoglobins were discovered in 1939 and are only found in nodules of plants capable of symbiotically fixing atmospheric N. Another class, called non-symbiotic hemoglobin, was discovered 32 yr ago and is now thought to exist throughout the plant kingdom, being expressed in different organs and tissues. Recently the existence of another type of hemoglobin, called truncated hemoglobin, was demonstrated in plants. Although the presence of hemoglobins is widespread in the plant kingdom, their role has not yet been fully elucidated. This review discusses recent findings regarding the role of plant hemoglobins, with special emphasis on their relationship to plants adaptation to hypoxia. It also discusses the role of nitric oxide in plant cells under hypoxic conditions, since one of the functions of hemoglobin appears to be modulating nitric oxide levels in the cells.
INTRODUCTION
Hemoglobins are found ubiquitously in eukaryotes and in many bacteria (Wittenberg and Wittenberg, 1990; Bhattacharya et al., 2013) . Three types of hemoglobins have been described in plants, which have been classified as symbiotic, non-symbiotic and truncated. Symbiotic hemoglobins are the best known; they are found mainly in the nodules of plants with symbiotic N fixation. In this case their function is to regulate the supply of oxygen to the N-fixing bacteria (Appleby, 1992; Ott et al., 2005) . Nonsymbiotic hemoglobins (nsHb), as their name indicates, are not involved in symbiotic N fixation; apparently this type of protein exists in the entire vegetable kingdom, including plants with symbiotic capacity. Expression has been found in seeds, roots and other organs, both in monocotyledons and dicotyledons (Hill, 1998; Thiel et al., 2011) . The ubiquity of the nsHb, along with the fact that they are probably evolutionary predecessors of the symbiotic hemoglobins, suggests that they have an important role in plant metabolism (Hebelstrup et al., 2006) . The most recently discovered hemoglobins, the truncated hemoglobins (trHb), are also thought that exist throughout the entire plant kingdom; they share some characteristics with the nsHb but they are smaller in size Wittenberg et al., 2002; Kumar et al., 2013) . However, their different origin, biochemical characteristics and tertiary structure suggest that trHb have cellular functions different from those of nsHb.
In spite of the extensive presence of plant hemoglobins in the plant kingdom, their functions are not yet clear. The objective of this review is discussing recent findings regarding the role of plant hemoglobins, with special emphasis on their relationship to adaptation of the plants to the hypoxia. It also discusses their function in modulating nitric oxide levels in the cells.
Historical overview of plant hemoglobins
In 1939 Kubo was the first to describe a plant hemoglobin, from the Rhizobium nodules in roots of a soybean plant (Kubo, 1939) . The isolation of hemoglobin from Parasponia andersonii (Planch.) Planch, which is not a legume, demonstrated that the presence of hemoglobin was not restricted to legumes (Appleby et al., 1983) . This discovery was remarkable not only for being the first hemoglobin found in a non-legume, but also because it was expressed in different parts of the plant outside of the nodule. Later, the same research group demonstrated hemoglobin expression in Trema tomentosa (Roxb.) H. Hara, showing for the first time its presence in a nonnodulating species (Bogusz et al., 1988) . The discovery of hemoglobin in barley and the demonstration that this hemoglobin is also present in other cereals such as maize, wheat and rye led to a series of reports on hemoglobins in other species (Taylor et al., 1994) . In 1994, two hemoglobins were found in rice (Sasaki et al., 1994) and one in chloroplasts of the alga Chlamydomonas eugametos (Couture et al., 1994) . At the beginning of the 21 st century, another type of hemoglobin was found in Arabidopsis with structural similarities to bacteria, protozoan, and algae hemoglobin Wittenberg et al., 2002) ; it is therefore known as truncated hemoglobin. To date more than 50 plant hemoglobins have been found in over 20 species (Garrocho-Villegas et al., 2007; BustosSanmamed et al., 2011; Bhattacharya et al., 2013) .
Evolution of plant hemoglobins
Hemoglobins are widely distributed in the Kingdom Plantae; they have been detected in primitive plants such as the bryophyte Physcomitrella patens as well as in monocots and dicots. It is believed that plant and animal hemoglobins derive from the same ancestral globin, about 1.5 billion years ago, and have evolved by vertical evolution (Zhu and Riggs, 1992) . The monomeric units of animal and plant hemoglobins fold into a highly conserved globin-type structure. Both symbiotic and non-symbiotic hemoglobins have been found in dicotyledons (Trevaskis et al., 1997) , while only non-symbiotic hemoglobins have been detected in monocotyledons (Figure 1 ) Garrocho-Villegas et al., 2007) . It has been reported that genes of symbiotic and nonsymbiotic hemoglobins have three introns and four exons (Arredondo-Peter et al., 1998) . The distribution of introns in the genes of all known hemoglobins was found to be the same as the one detected in the symbiotic hemoglobins of soybean and Parasponia (Dordas et al., 2003; Gupta et al., 2011) , suggesting that this pattern has been maintained since the ancestral development of hemoglobins. NsHbs are widely distributed in the plant kingdom while symbiotic hemoglobins are restricted to the nodules of N-fixing plants, which suggests that the latter arose from a duplication of a hemoglobin gene in which one of the copies was sequestered to perform a specific function in the nodules (Appleby, 1992) . Since then the two types Source: Garrocho-Villegas et al. (2007) and Thompson et al. (1997) . of plant hemoglobins have evolved independently with different functions. It has been reported that plants have differential expression of at least three genes that code for non-symbiotic hemoglobins with potentially distinct biochemical properties (Arredondo-Peter et al., 1998) . For example, in Arabidopsis hemoglobin AtnsHb1 has the typical sequences and oxygen-binding characteristics of NsHb proteins, while AtnsHb2 has greater similarity with the sequences and oxygen-binding characteristics of symbiotic hemoglobins (Arredondo-Peter et al., 1998) . The expression pattern of these three genes is different; AtnsHb1 is induced by hypoxia and nitrate, while AtnsHb2 is induced by cold stress and AtnsHb3 is expressed in roots and shots and is repressed by hypoxia (Trevaskis et al., 1997; Wang et al., 2000; Watts et al., 2001 ).
Structure of non-symbiotic hemoglobins
The structure of nsHb is similar to that of hemoglobins of many organisms, since all have the globin-type folding that consists of seven or eight alpha helices identified with the letters A to H (Figure 2A ). The cleft for the heme group is a conserved region formed by helices E and F (Hoy and Hargrove, 2008; Spyrakis et al., 2011a ) ( Figure  2B ). It is in this region that the distal (E7) and proximal (E8) histidines coordinate Fe of the heme group. The Fe atom is also coordinated by the four-pyrrole rings of the heme group ( Figure 2B ). The nsHbs of plants were initially divided into two subgroups, called nsHb1 and nsHb2 (Trevaskis et al., 1997; Hunt et al., 2001) , based on phylogenetic analyses, patterns of gene expression and the oxygen binding properties of these proteins. The first crystallized hemoglobin in a monocot was the rice nsHb1 (nsHb1-rice) (Hargrove et al., 2000) . Its crystalline structure showed a characteristic hexacoordination, with the distal histidine bound to the heme group Fe and a conserved phenylalanine residue (Phe-B10) in the B helix that interacts with the distal histidine (Hargrove et al., 2000; Smagghe et al., 2006; Spyrakis et al., 2011a) . However, there are also differences between the nsHb1 proteins of different species; for example, tertiary structures of nsHb1-rice and nsHb1-barley are different (Bykova et al., 2006; Hoy and Hargrove, 2008; Spyrakis et al., 2011b) . In maize, a computer model predicted a structure similar to that of nsHb1-rice (Saenz-Rivera et al., 2004) ; however, NsHb1-maize has more inter-helix links than nsHb1-rice, which suggests reduced flexibility of nsHb1-maize and a possible kinetic difference in its bond with the ligand (Smagghe et al., 2006) .
There is not much information about the structures of dicotyledon nsHbs. The nsHb of tomato has hexacoordination of the Fe +3 ion and a mixture of pentacoordination and hexacoordination of the Fe +2 ion (Ioanitescu et al., 2005) . The AtHb1 of Arabidopsis has a 40% pentacoordination (Bruno et al., 2007; Spyrakis et al., 2011a) . The structure and functioning of NsHb2 has been described in detail only for Arabidopsis (Trevaskis et al., 1997; Bruno et al., 2007) , in which AtHb2 has a smaller and more confined cleft than AtNsHb1 (Spyrakis et al., 2011b) .
NsHb1 forms structural dimers composed of two identical subunits, each with a hexacoordinated hemeFe complex ( Figure 2A ). NsHb1 has a higher rate of Fe reduction, which is probably mediated by a cysteine residue. This cysteine may form a reversible covalent bond between two monomers as indicated by mass spectrometry, which in addition to its structural role would impede self-oxidation of the molecule Gupta et al., 2011) . myoglobin. The kinetics of association of O 2 with nsHb (68 µmol -1 s -1 ) is four fold higher than in myoglobin and one order of magnitude less than that of leghemoglobin (Duff et al., 1997) . It is known that all hemoglobins reversibly bind to O 2 due to possessing a heme group that has a molecule of Fe. The heme group of nsHb is hexacoordinated and interacts with the distal histidine; it has high oxygen affinity and a low disassociation constant . This low disassociation constant is due to the rapid binding of the oxygen, which produces conformational changes in the protein and, as a consequence, a slow disassociation of the oxygen from the heme group. The equilibrium disassociation constant of rice is 0.038 s -1 (Kundu et al., 2003) . This low disassociation constant indicates that this hemoglobin remains oxygenated under very low oxygen pressure, which makes it improbable that nsHb serve as transporters, storers, or sensors of oxygen (Hill, 1998) . (Gardner et al., 1998; Farrés et al., 2005; Smagghe et al., 2008) . The oxygen binding kinetics are different for the two types of nsHb; nsHb1 has an unusually high affinity for O 2 (Arredondo-Peter et al., 1997; Duff et al., 1997; Trevaskis et al., 1997) , much higher than that found for nsHb2, which implies they have different functions in the cell (Trevaskis et al., 1997) . Also, nsHb1 has a very low equilibrium disassociation constant, less than that of cytochrome oxidase, which suggests that it could not supply O 2 to the terminal oxidase of the mitochondria. The low disassociation constant of nsHb1 indicates that it would not be capable of facilitating O 2 diffusion. Thus it seems improbable that nsHb1 functions as an oxygen transporter (Trevaskis et al., 1997; Arredondo-Peter et al., 1997) or sensor (Duff et al., 1997) . Experiments on the expression of different nsHbs in transgenic plants have shown that the level of total adenylates is maintained constant when these plants are exposed to low oxygen concentrations, while in the untransformed (or control) plant lines the energy level is reduced by about 35%. This suggests that the function of nsHbs in plants is to maintain the energetic state of the cell in low oxygen environments (Sowa et al., 1998; Igamberdiev et al., 2011) .
Biochemistry of the oxygen-hemoglobin bond

Kinetics of the bond with the ligand
Factors affecting nsHb expression
The production of the two classes of nsHb is organ-specific, and expressed as a response to a variety of stimuli. The nsHb are expressed in calli, cell suspensions, seeds, roots, and stems of monocotolyledons and dicotolyledons (Hill, 1998) . They are generally present in low concentrations (1-20 nmol g -1 fresh weight) in these tissues and organs (Duff et al., 1997) . Hemoglobins are expressed in plant tissue in response to specific metabolic stresses. Thus, hemoglobin is induced by hypoxia in barley aleurone layers, maize roots and embryos (Taylor et al., 1994) . In addition to their induction by hypoxic stress (Taylor et al., 1994) , they are also found in rapidly growing tissues such as root tips of germinating seeds (Hill, 1998) . Elevated sucrose levels have also been shown to increase hemoglobin gene expression in Arabidopsis (Trevaskis et al., 1997) .
Regulation by O 2 and ATP levels
Hemoglobins are expressed in response to different types of metabolic stress. The AtnsHb1s, which are active during germination, may be induced by hypoxia and by a high level of sucrose . In barley, these proteins are expressed in the aleurone layers of the seed and in roots under low oxygen stress (Taylor et al., 1994) . Inhibitors of the respiratory chain such as cyanide, oligomycin and dinitrophenol, which inhibit ATP production, also induce nsHb1expression, which suggests that their expression is not directly influenced by O 2 levels but rather by the energy levels or indirectly by the action of ATP (Nie and Hill, 1997) . It has also been observed that nsHb1 genes are generally induced in tissues with rapid growth such as root meristems of germinated seeds (Hill, 1998; Igamberdiev et al., 2011) . Again, this fact indicates that the presence of this protein in rapidly growing tissues during germination may be due to hypoxic conditions (Guy et al., 2002; Hebelstrup et al., 2006) . The results of Bogusz et al. (1990) support this idea; using promoters of Parasponia and Trema with the GUS reporter gene they showed that the promoter regions of nsHb genes direct expression mainly to root tips and the vascular bundle of transformed tobacco plants and to the roots of transformed Lotus japonicus.
Regulation by osmotic stress and minerals
It has been reported that nsHb1 genes are induced by osmotic stress and high salinity (Taylor et al., 1994; Trevaskis et al., 1997; Lira-Ruan et al., 2001; Zhao et al., 2008; Almada et al., 2013) , by treatments with nitrate, nitrite, nitric oxide, salicylic acid, methyl jasmonic acid, and H 2 O 2 (Wang et al., 2000; Sakamoto et al., 2004; Ohwaki et al., 2005; Qu et al., 2006; Sasakura et al., 2006) , as well as by deficiencies in minerals such as P, K, and Fe (Wang et al., 2003) . ZmHb mRNA levels in maize seedlings are induced by high-salt and osmotic stresses in addition to hypoxic stress (Zhao et al., 2008) . In tomato, after 1 h of P deprivation, nsHb1 mRNA transcript levels had increased relative to the control, and peaked at 12 h after removal of this nutrient from the solution.
Both K and Fe deficiencies increased the nsHb1 mRNA abundance within 3 h of nutrient deprivation (Wang et al., 2003) . Hemoglobin is also induced by nitrate ions in aleurone layers and in Arabidopsis roots (Nie and Hill, 1997; Wang et al., 2000) . Two nsHb1 genes, ORYsa GLB1a and ORYsa GLB1b, were strongly induced by nitrate, nitrite, and nitric oxide (Ohwaki et al., 2005) . The induction of the Hb gene by hypoxia is linked to a decrease in ATP levels and is mediated by Ca 2+ (Hebelstrup et al., 2007) . This background indicates that expression of nsHb at transcript levels is regulated under multiple stress conditions, suggesting an important role of nsHb in plant stress tolerance.
Hormonal regulation
The effects of hormones on the expression of hemoglobins have been studied. NsHb1 is induced by 1-aminocyclopropane-1-carboxylic acid (ACC) and cytokinins (CKs), while nsHb2 is repressed by these hormones Bustos-Sanmamed et al., 2011) . Hormones may also have opposing effects depending on the plant organ; for example, CKs produce strong induction of nsHb1 in roots of Lotus japonicus and negative regulation in the nodules. Polyamines and jasmonic acid cause strong induction of nsHb1 in roots. These effects may be mediated by NO . When the expression of nsHb was suppressed in maize cells an elevated formation of ethylene was observed (Manac'h-Little et al., 2005), which indicates a potential function of nsHb in the regulation of ethylene levels. The levels of ethylene and NO also increased when the expression of nsHb was suppressed, suggesting that NO has a promoting effect on ethylene biosynthesis .
Characterization of the transcription factors of Oryza sativa L. that regulate the expression of the nsHb genes indicated that cytokinins induce or activate OsNSHB2, mediated by ARR1 (Arapidopsis Response Regulator 1), a factor which contains a Myb-like DNA binding domain (Ross et al., 2004) , while the expression of HsHb1 in tissues under hypoxic stress depends on an incomplete transcription factor, Mybleu, which is incapable of binding to DNA (Mattana et al., 2007) .
Physiological functions of non-symbiotic hemoglobins
Although the functions of the nsHb have not been clearly established, their presence in the entire plant kingdom and their expression in metabolically active tissues suggest that they play an important role in plant metabolism. Since they were discovered, diverse biochemical and physiological functions have been attributed to plant hemoglobins, including the transport, storage, and sensing of oxygen. The nsHb have also been associated with the transport of ligands such as CO, NO, and fatty acids, as well as the function of an oxygen scavenger (ArredondoPeter et al., 1998; Jokipii-Lukkari et al., 2009; Thiel et al., 2011) . Knock-out silencing studies in A. thaliana have demonstrated the fundamental role of nsHb during plant development, showing that at least one functional nsHb gene is essential for plant survival (Hebelstrup et al., 2006; Dordas, 2009 ). The information above shows that the presence of hemoglobins is vitally important for plant development and also in the stress tolerance response to hypoxia. Considering the importance of the latter aspect, we will discuss the role that the nsHb may fulfill during hypoxia stress.
Function of nsHb in stress due to hypoxia and its interaction with nitric oxide
Although the function of the nsHbs is unknown, analysis of their gene expression is a useful tool to approach the function of these proteins. It has been shown that expression of nsHb genes is modified when plants grow under different stress conditions, which suggests that the function of the nsHb genes is related to a plant's response to these stress conditions (Hebelstrup et al., 2006; Sairam et al., 2009; Almada et al., 2013) . The AtnsHb1 (At21660) gene is expressed in roots of plants that grow under normal conditions, and is overexpressed in leaves and roots when plants are under hypoxic conditions (Hebelstrup et al., 2006; Dordas, 2009 ). The constitutive expression of barley nsHb1 in maize cell lines maintained normal cell levels of adenine nucleotides (ATP, ADP, and AMP) and the energy charge under conditions of hypoxia, while cells in which hemoglobin expression was suppressed had lower levels of these parameters . Similarly, in transformed alfalfa that constitutively expressed barley nsHb1, roots grew normally under hypoxia, while roots of the wild type and of plants in which nsHb1 expression was suppressed grew slowly (Dordas et al., 2003) . It is improbable that these effects are produced by nsHb1 acting as a signal which triggers the activation of other genes, due to the low disassociation constant of the oxyhemoglobin complex (Table 1) (Duff et al., 1997) . For this reason it has been suggested that nsHb1 helps to maintain the energy state of cells in environments with low oxygen and acts by promoting glucolytic flux via NADH oxidation, which results in an increase in phosphorylation at the substrate level (Dordas, 2009) . Thus, nsHb1 could be used to sequester oxygen in hypoxic environments, and would provide an oxygen source to oxidate NADH and in this way obtain ATP for cell growth and development.
In bacteria and yeasts, NO may be eliminated by flavohemoglobin through its dioxygenase activity (Gardner et al., 1998) . Dordas et al. (2003; proposed that in plants at least one function of hemoglobin induced by hypoxic stress is to modulate the NO level in the cell. Using electronic paramagnetic resonance (EPR), these researchers demonstrated the presence of heme-NO complexes in maize cell cultures and in cultures of alfalfa roots under hypoxic conditions. They also showed that there is no EPR signal for the complex in aerobic systems, although hemoglobin is present. Using NO trapping it has been demonstrated that maize cells form significant quantities of NO during the first 24 h of hypoxia treatment. Perazzolli et al. (2004) found that AtnsHb1 neutralized the production of NO by forming S-nitroso-hemoglobin and this way reduced the emission of NO during hypoxic stress, reaffirming its possible role in the detoxification of NO.
Hemoglobins have been implicated in NAD + regeneration, which is necessary in order to maintain glycolysis under conditions of hypoxia ( Figure 3 ) (Hill, 1998) . This is based on observations that the activity of alcohol dehydrogenase and CO 2 production decrease under hypoxic conditions in maize cells that constitutively express barley hemoglobin (Sowa et al., 1998) . It has also been demonstrated that nitrate ion may act as final electron acceptors in the denitrification process in inundated soils, which suggests that it may play a similar role in plants (Crawford, 1978) . Although we still do not know the mechanism of NO formation under hypoxic conditions, there are results which support the pathway involving the enzyme nitrate reductase ( Figure  3 ) (Yamasaki and Sakihama, 2000; Stöhr et al., 2001; Gupta et al., 2011; Sairam et al., 2012) , which consumes two moles of NADH for each mole of NO formed. Previous data were already showed that this enzyme is activated when roots are subjected to hypoxia (Botrel and Kaiser, 1997) . The NO formed rapidly reacts with oxyhemoglobin, generating nitrate and metahemoglobin [nsHb (Fe
+3
)] (Figure 3 ) (Doyle and Hoekstra, 1981; Igamberdiev and Hill, 2004) . This metabolic pathway of NO, in which nitrate is recycled, would be advantageous for plant cells exposed to prolonged conditions of soil flooding when the content of nitrates is very reduced (Tiedje et al., 1982; Burgin and Hamilton, 2007) . This sequence of events is known as the nsHb/NO cycle (Figure 3) . In this cycle, nsHb-Fe +3 may be reduced to nsHb-Fe +2 by a NADH-dependent reductase (Jakob et al., 1992; Poole and Hughes, 2000) . The NADH-dependent reductase of plant cells under hypoxia would supply the NAD + needed to keep glycolysis functioning ( Figure  3 ). The overall system oxidizes 2.5 moles of NADH for each mole of nitrate recycled during the reaction, which maintains the redox state and energy during hypoxia, resulting in reduced production of ethanol and lactic acid. Thus, the nsHb/NO cycle would play an important role, being an alternative to the classical fermentation pathways, and also collaborating to retard the onset of cell death. In primary roots this pathway may provide enough time for the plant to develop adventitious roots, which are necessary to prolong survival under hypoxic conditions .
The hexacoordinated nsHbs are generally known for their high sequence identity between species, which suggests that they are proteins with key biological functions at the cellular level. However, although there are various hypotheses, their physiological functions are not precisely known. These hypotheses include: (i) the nsHb may act as sensors of the O 2 concentration in plant cells, so when the O 2 concentration decreases in the cell, this acts as a signal to initiate the anaerobic response; (ii) the nsHb may participate in the maintaining the energy level of the cells, oxidizing NADH and generating the NAD + necessary to maintain glucolysis and ATP levels; (iii) the nsHb may detoxify the cells of toxic compounds such as nitric oxide and carbon monoxide; (iv) the nsHb may have a function in the signal transduction pathways of phytohormones such as auxins, ethylene, jasmonic acid, salicylic acid, abscisic acid, and cytokinins. Research at the biochemical, biophysical, structural and functional levels is necessary to fully understand the function of these proteins in plant cells.
Although there is convincing evidence that nsHb1 participates in the detoxification of NO, some of the essential questions about its functioning and properties are still unanswered. In plant cells the presence of NO has been evidenced in the mitochondria, cytosol, perixosomes, and apoplasts (Blokhina and Fagerstedt, 2010) , while the nsHb1 proteins are apparently located in the nucleus and cytosol (Serégelyes et al., 2000) but absent from mitochondria and peroxisomes (Hebelstrup et al., 2008) . This inevitably raises questions about the role of nsHb1 in cellular energy.
According to the previously presented data, nsHb proteins may play a preponderant role in biotechnological perspective programs to improve crop production, under both normal and stressful conditions. They are thought to play an important role particularly in aiding plant responses to hypoxia. Holmberg et al. (1997) (Li et al., 2005) . The overexpression of nsHb1 also protected plants of Arabidopsis thaliana against severe effects of hypoxia, while plants that overexpressed a mutated nsHb1 with low oxygen affinity were just as susceptible to hypoxia as wild type plants (Li et al., 2005) . This suggests that the protection against hypoxia depends on the capacity of the hemoglobin to bind ligands such as oxygen with high affinity. The constitutive expression of nsHb1 produced a reduction in the number of root hairs and an increase in the number of lateral roots (Hunt et al., 2002) . The ectopic expression of nsHb1-maize in transgenic tobacco improved the tolerance of plants to multiple stresses (inundation, salt, and osmotic), indicating an important role of nsHb1-maize in this tolerance (Zhao et al., 2008) .
CONCLUSIONS
Research on non-symbiotic plant hemoglobins is still in a very early stage, although in recent years an appreciable amount of information has accumulated. Non symbiotic hemoglobins are broadly present across evolution; however, the function of these proteins is unknown. Non symbiotic hemoglobins are likely ancestors of an early form of hemoglobin that sequestered oxygen in low oxygen environments. It was suggested that non symbiotic hemoglobins act in plants to maintain energy status of cells in low oxygen environments and that they accomplish this effect by promoting glycolytic flux through NADH oxidation, resulting in increased substrate-level phosphorylation. In this way, hemoglobins providing a source of oxygen to oxidize NADH to provide ATP for cell growth and development. This in turn suggests that cells containing increased levels of hemoglobins will survive longer under low oxygen tension or high energy demand. Plant roots that express sufficient hemoglobin soon after exposure to hypoxic stress may modulate levels of nitric oxide, produced as a result of the stress, either through reaction of nitric oxide with oxyhemoglobin or through formation of nitrosylhemoglobin. Non symbiotic hemoglobin and nitric oxide are an alternative to fermentation to maintain lower redox potential. Hemoglobin may be pivotal in the short-term survival of plant root cells by regulating the levels of nitric oxide. This would prevent the accumulation of toxic ethanol and lactic acid, maintenance of ATP levels and energy charge, and delay the onset of cell death. In primary roots, this may provide sufficient time for the plant to develop adventitious roots and/or aerenchyma, needed for prolonged survival under hypoxia. The information included in this review suggests that the constitutive expression of the non-symbiotic hemoglobin gene in transgenic plants improves the survival of plants under hypoxic conditions and in other stresses. It remains to be verified if the increased productivity reported in annual species can be reproduced in perennial plant species such as fruit trees, allowing them to confront conditions of low oxygen content in the rhizosphere.
